Dopamine (DA) neurotransmission influences cognition and recovery after traumatic brain injury (TBI). We explored whether functional genetic variants affecting the DA transporter (DAT) and D2 receptor (DRD2) impacted in vivo dopaminergic binding with positron emission tomography (PET) using [ 11 C]bCFT and [ 11 C]raclopride. We examined subjects with moderate/severe TBI (N ¼ 12) B1 year post injury and similarly matched healthy controls (N ¼ 13). The variable number of tandem repeat polymorphism within the DAT gene and the TaqI restriction fragment length polymorphism near the DRD2 gene were assessed. TBI subjects had ageadjusted DAT-binding reductions in the caudate, putamen, and ventral striatum, and modestly increased D2 binding in ventral striatum versus controls. Despite small sample sizes, multivariate analysis showed lower caudate and putamen DAT binding among DAT 9-allele carriers and DRD2 A2/A2 homozygotes with TBI versus controls with the same genotype. Among TBI subjects, 9-allele carriers had lower caudate and putamen binding than 10/10 homozygotes. This PET study suggests a hypodopaminergic environment and altered DRD2 autoreceptor DAT interactions that may influence DA transmission after TBI. Future work will relate these findings to cognitive performance; future studies are required to determine how DRD2/DAT1 genotype and DA-ligand binding are associated with neurostimulant response and TBI recovery.
INTRODUCTION
Dopamine (DA) neurons originate in the substantia nigra and project to cerebral forebrain structures, including hippocampus, prefrontal cortex, and striatum. The striatum is a part of an anatomic network that subserves functions associated with the dorsolateral prefrontal cortex. Further, the striatum helps mediate cognition in humans. 1 Also, accumulating evidence supports a 'dopaminergic hypothesis' as important to traumatic brain injury (TBI) recovery. 2 Evidence supporting this hypothesis includes our previous work showing elevated dopamine (DA) levels in cerebrospinal fluid (CSF) in response to ICU treatments and innate factors like sex and DA transporter (DAT) genetic variation. 3 Previous studies show striatal DAT binding reductions after severe TBI, 4 which are supported by experimental TBI studies using real time neurotransmission approaches demonstrating reduced maximal evoked DA overflow and altered DA clearance kinetics in striatum. 5 DAT protein expression changes also have been documented with experimental TBI. 5, 6 Previous work supports TBI practice guidelines for using the DAT inhibitor, methylphenidate (MPD), to improve cognition. 7 Multiple DA agonists, including MPD, have beneficial effects on spatial learning in experimental TBI, although sex differences in MPD induced behavioral changes and cognitive benefit have been noted after controlled cortical impact (CCI) injury. 2 The neurobiology of striatal DA transmission deficits is not fully characterized in experimental TBI. However, daily MPD has restorative effects on striatal neurotransmission after CCI. 6 Despite its effectiveness, not all patients improve with MPD treatment. Further, clinical studies stratifying sex, age, and genetic makeup have not been conducted, making personalized use challenging with optimizing drug efficacy in treating cognitive deficits associated with TBI.
Several DA genetic variants are associated with multiple neurologic, cognitive, and psychiatric conditions, [8] [9] [10] [11] and many associated symptoms overlap with deficits observed with TBI. Given the influence of DA systems on TBI pathology and recovery, along with how DA variants contribute to neurologic diseases with symptom profiles similar to TBI symptomology, we hypothesized that moderate-to-severe TBI would alter striatal DAT/D2R binding chronically relative to control subjects. Thus, we explored the most appropriate methods from which to assess striatal DA systems in a TBI population and whether genetic variability influences striatal DAT and D2 receptor (D2R) binding using positron emission tomography (PET) with [ 11 C]b-CFT and [ 11 C]raclopride.
MATERIALS AND METHODS Participants
In accordance with the ethical principles stated in the Belmont Report (http://www.hhs.gov/ohrp/humansubjects/guidance/belmont.html) and other regulations for protection of human subjects outlined by the United States Health and Human Services (http://www.hhs.gov/ohrp/humansubjects/ guidance/45cfr46.html), this study was approved by the University of Pittsburgh Institutional Review Board. Twelve adult Caucasian men with moderate/severe TBI (admission Glasgow Coma Score (GCS) 3 to 12 obtained within 6 hours post injury) and executive function deficits, based on neuropsychological testing 1 year post injury, were recruited. Potential subjects with TBI were excluded for penetrating head injuries, significant neurologic condition (other than TBI), history of significant drug or alcohol abuse in the past year, magnetic resonance imaging (MRI) contraindication, certain neuroactive medications, or medications known to interact with dopaminergic systems. Data on alcohol, caffeine, tobacco, and medication use was obtained by participant self-report at the time of imaging. Thirteen healthy controls were enrolled on the basis of similar factors. Data characterizing recruited TBI subjects included DAT1/DRD2 genotype, age, race, sex, educational status, mechanism, and type of injury. TBI subjects were included if they had diffuse axonal injury, intraparenchymal frontal lobe pathology (including significant midline shift), or injury involving the striatum. DAT1/DRD2 genotype, age, and educational status were collected for healthy controls to match enrolled TBI subjects.
Genotyping DRD2 and DAT1
DRD2 gene: TaqI RFLP. Amplified DNA underwent 30 cycles of denaturation at 95 1C for 1 minute, annealing at 58 1C for 30 seconds, and extension at 72 1C for 1 minute., to amplify the 459 bp product, which was then exposed to TaqIA restriction endonuclease to perform the restriction fragment length polymorphism analysis. Digested products were electrophoresed on a 3% agarose gel, stained with ethidium bromide for DNA band detection, and assigned a genotype based on presence/absence of original or cut DNA fragments. Primers used were 5 0 -CCGTCGACCCTTCCTG AGTGTCATCA-3 0 and 5 0 -CCGTCGACGGCTGGCCAAGTTGTCTA-3 0 .
DAT1 gene (SLC6A3) 3 0 UTR VNTR. Amplified DNA underwent 30 cycles of denaturation at 95 1C for 1 minute, annealing at 62 1C for 30 seconds, and extension at 721C for 1 minute, to amplify the 280-600 bp product, which was then electrophoresed on a 1% agarose/2% nusieve gel, stained with ethidium bromide for DNA band detection, and assigned a genotype based on allele sizes. Primers used were 5 0 -TGTGGTGTAGGGAACGGCCT GAG-3 0 and 5 0 -CTTCCTGGAGGTCACGGCTCAAGC-3 0 .
Magnetic Resonance Imaging T1-weighted structural three-dimensional MRI data were acquired using sequences optimized for gray matter, white matter and cerebrospinal fluid (CSF) contrast. Magnetic resonance imaging was performed using a 1.5 Tesla GE Signa scanner, parameters described by Drevets 12 and a 3 Tesla Siemens Magnetom Trio scanner (TR/TE ¼ 5/25 ms; flip angle ¼ 401; field of view ¼ 24 Â 18 cm, slice thickness ¼ 1.5 mm, in-plane resolution 0.94 Â 0.94 mm).
Positron Emission Tomography Imaging and Blood Sampling
Dopamine transporter imaging was performed using [ 11 C]b-CFT, a DA reuptake inhibitor with moderate affinity, relatively slow in vivo kinetics, and good selectivity for DAT over serotonin transporters. 13 Rodent studies support CFT ligand selectivity, with one report showing CFT ([ 18 F]CFT) did not bind to rat SERT. 14 Also, although ([ 3 H]CFT) was found to have human NET binding properties, 15 previous work suggests that DAT is the primary transporter located in striatum, 16 thus minimizing the impact of NET on DA clearance and the specificity of CFT for DAT binding in our striatal regions of interest.
Dopamine D2 receptor (D2R) imaging was performed using [ 11 C]raclopride ([ 11 C]RAC), a D2/D3 receptor antagonist with relatively higher affinity and reversible in vivo kinetics. The binding affinity for D2R receptors is similar to D3R receptors. 17 Thus it is not possible to differentiate binding for these two receptors within our PET design. However, [ 11 C]RAC binds primarily to D2R in dorsal putamen and caudate because of minimal D3 receptor expression in these regions, and it exhibits mixed binding (2/3-D2R; 1/3-D3R) in ventral striatum. 18 Both radiotracers were produced using remotely controlled radiosyntheses. 19, 20 Chemical and radiochemical purities reached X95%, with specific activities X2000 Ci/mmol at the end of synthesis. Positron emission tomography scans were acquired on a Siemens/CTI ECAT HR þ scanner (3D-mode, 63-planes, 15.2 cm axial field of view) equipped with a Neuro-insert to reduce scattered photon events. Before PET imaging, an intravenous catheter was placed in an antecubital vein for radiotracer injection, and a short catheter was inserted into a radial artery for dynamic arterial blood sampling. Head motion was minimized using thermoplastic mask immobilization. Subjects were positioned in the scanner with imaging planes parallel to the canthomeatal line, and primary areas of interest (including cerebellum) within the central 7 cm of the field of view. A windowed transmission scan ( 68 Ge/ 68 Ga) was performed for attenuation correction. Positron emission tomography emission data were corrected for dead-time, radioactive decay and scatter, with filtered-back projection image reconstruction (final resolution B6 mm). Dynamic PET scanning and manual arterial blood sampling were performed over either 90 minutes ([ 11 C]b-CFT: 35 time frames; 35 blood samples) or 60 minutes ([ 11 C]RAC: 22 time frames; 33 blood samples), with five additional samples used to determine the concentration of radiolabeled metabolites of [ 11 C]b-CFT 21 or [ 11 C]RAC, 12 relative to total plasma radioactivity. A multi-exponential curve was fit to the fractional values of unmetabolized radiotracer in plasma over time and used to generate a metabolite-corrected arterial input function for each radiotracer.
Image Processing and Analyses
The MRI data were co-registered to the [ 11 C]-bCFT and [ 11 C]RAC PET data using automated image registration methods previously described. 12 Magnetic resonance and PET images were re-sliced to be parallel to the intercommissural anterior commissure-posterior commissure line in the axial plane for consistent region-of-interest (ROI) delineation and sampling across subjects. Regions of interest were defined across several MRI planes using a modified version of ROITOOL (CTI PET Systems). Regions of interest included caudate (seven planes: four superior, three middle), ventral striatum (three planes: encompassing accumbens shell), putamen (three planes), and cerebellum. 12 Additional caudate and putamen regions were drawn dorsally. The cerebellar ROI sampled the superior portion of the posterior lobule avoiding vermis and white matter. Right and left hemisphere ROIs were grouped, as laterality differences in binding were not hypothesized. Regions of interest were applied to co-registered dynamic PET data to generate regional time-activity curves ( Figure 1 ). Due to chronic morphological changes resulting from TBI, MRI data were used to assess cerebral atrophy as represented by dilutional effects associated with expanded CSF spaces, using a 2-component (gray matter þ white matter versus CSF) approach to determine CSF factors ranging from 0 to 1 (no atrophy). 22 We hypothesized that in vivo kinetics for [ 11 C]b-CFT would be more reversible for TBI subjects (relative to controls), in part, because DA clearance kinetics are altered in experimental TBI. 5, 6 Several analysis methods were investigated to address the range of uptake kinetics observed for [ 11 C]b-CFT. These included (1) arterial-based methods: two-tissue compartment model (k1 to k4, blood volume ¼ 0.05) and Logan graphical analysis 23 and also (2) reference tissue-based methods: simplified reference tissue method (SRTM2) 24 and Logan. [ 11 C]RAC data were analyzed as previously described. 12 The cerebellum was used as reference region for both radioligands (i.e. representative of nondisplaceable tissue uptake). 25, 26 DAT/D2R binding were assessed using the nondisplaceable binding potential (BP ND ) outcome, BP ND ¼ DVR À 1, where DVR (distribution volume ratio) is the ratio of the regional volume of distribution value (V T ) to that determined for the cerebellar reference region (V ND ). 25 Other SRTM2 parameters examined (before CSF or age corrections) were the apparent clearance (k 2a , per minute) and the ratio of relative radiotracer delivery in a region of interest relative to that in the reference region (R 1 ).
Statistical Analysis and Primary Outcomes
Descriptive statistics were performed using SPSS v19 and Excel 2010. Summary statistics for continuous variables were computed. Means, standard error of the mean (s.e.m.), and standard deviation were generated for all striatal ROIs. A two-sided hypothesis (P-valuep0.05) was used for all analyses. Regional BP ND values for grouped caudate, putamen, and striatum were the primary dependent variables. Normality tests for BP ND were evaluated using group-based statistics, and none violated assumptions. As there were no hypotheses surrounding lateralization of findings or specific reward pathways, hemisphere specific, and other subregion ROIs were not explored. Pearson's correlation analysis was used to compare the consistency of ROI BPs generated using arterial-based Logan (LoganART), reference tissue-based Logan (LoganREF), and SRTM2 methods. Group differences for continuous variables were examined using independent samples t-tests. To examine the influence of genetic variants on regional BPs, TBI subjects and controls were grouped on the basis of presence or absence of the variant (i.e. DAT 9-carriers versus DAT 10/10 homozygotes, DRD2 A1-carriers versus DRD2 A2/A2 homozygotes).
Previous literature demonstrates that striatal DAT and D2R BPs can be influenced by multiple factors, including age 27 and genotype. 28, 29 Controls were quasi-matched to TBI subjects enrolled on the basis of age and genotype. However, age by genotype matching was not performed. To control for age, multiple linear regression analyses were conducted to determine the main effects of genotype and injury status, after adjusting for age, on regional BP ND . DAT1/DRD2 genotype effects on DAT and D2R binding were assessed using both type-I and type-III sum of squares. Interactions between age, genotype, injury status, and binding were also explored.
RESULTS

Population Demographics
The mean Glasgow Coma Score for TBI subjects was 7.3 ± 0.80. The most common cause of injury was automobile accidents (58%). Anatomic neuroimaging results from the TBI group included diffuse axonal injury, hemorrhagic contusions, subdural hematoma, and subarachnoid hemorrhage. There were no differences between TBI subjects and controls in caffeine or alcohol use, including quantities at the time of imaging. Significantly more TBI subjects reported current tobacco use compared with controls at the time of imaging (54.5% cases versus 0% controls P ¼ 0.012). No controls were on central nervous system-altering medications. Among TBI subjects, four were on antidepressants, four on amantadine, three on medication for sleep, one on galatamine, and one on klonopin.
Although controls had higher mean education levels than the TBI group (16.62±0.78 versus 13.08±0.58 years; P ¼ 0.002), there were no genotype or age differences. However, there were significant age differences for TBI subjects on the basis of DAT1 9allele carriage (38.60±2.67 versus 25.87±2.86 years; P ¼ 0.009). There was a trend for an age effect among TBI subjects by DRD2 A1-carrier status (28.51 ± 3.42 versus 37.55 ± 3.33 years; P ¼ 0.101). Among controls, age was also associated with presence/absence of the DAT1 9-allele (25.05±2.18 versus 35.26±3.52 years; P ¼ 0.032).
Positron Emission Tomography Imaging and Plasma Analyses
No group differences occurred with injected dose or co-injected nonradioactive mass for either radioligand (Table 1A) ; although, differences for [ 11 C]b-CFT approached trend level. Notably, the coinjected mass was 2 to 3 mg and not expected to significantly impact radioligand binding. Arterial input functions were generated for 19 subjects for both [ 11 C]b-CFT (9 TBI; 10 control) and [ 11 C]RAC (10 TBI; 9 control), although determination of the unmetabolized fraction of [ 11 C]b-CFT was problematic, particularly at 60 and 90 minutes because of challenges related to the extraction process. As a result, [ 11 C]b-CFT values were not quantifiable for two subjects at 60 minutes (one TBI, one control) and data for two control subjects were fixed to the overall mean values (given no evidence of group differences in [ 11 C]b-CFT metabolism at any time). The fractions of unmetabolized radioligand in plasma at 2, 10, 30, 60, or 90 minutes were: (1) [ 11 C]b-CFT: 0.957±0.013 (n ¼ 17), 0.950±0.014 (n ¼ 17), 0.918±0.020 (n ¼ 17), 0.845±0.042 (n ¼ 15), 0.805±0.043 (n ¼ 15) for (2) [ 11 C]RAC: 0.967 ± 0.016, 0.955 ± 0.015, 0.919 ± 0.019, 0.847 ± 0.046, 0.766 ± 0.070 (n ¼ 19 for all), with no evidence of group differences. Polynomial smoothing was applied to the arterial data after the peak value. Image Processing and Analyses Similar to Ouchi et al, 30 compartmental modeling for [ 11 C]b-CFT proved problematic, as a result of instability in k4 for slowly clearing kinetics, particularly in control subjects. This issue also contributed to variable SRTM2 results (fixed k2 to k3 region average).
Correlations between SRTM2 and LoganART BP ND were stronger across ten TBI subjects for the three ROIs (r ¼ 0.917 to 0.963; Pp0.001, all comparisons) versus the nine controls (r ¼ 0.224 to 0.838; P ¼ 0.533 to 0.002), consistent with more reversible TBI kinetics. The BP ND correlations between LoganART and LoganREF also were stronger for TBI subjects across ROIs (r ¼ 0.927 to 0.978; Po0.001, all comparisons) than for slower clearing controls (r ¼ 0.452 to 0.770; P ¼ 0.190 to 0.009) (Table 1B) . [ 11 C]b-CFT-BP ND was higher for LoganART and SRTM2 than LoganREF BP ND for both groups. In contrast, regional [ 11 C]RAC-BP ND was similar in value and significantly correlated across analysis methods for both TBI and control subjects, consistent with reversible kinetics in both groups (Table 1B) . Together, the correlational results are consistent with injury-specific DAT-binding affinity differences leading to more reversible [ 11 C]b-CFT kinetics for TBI subjects than controls. These correlational results were very similar with/without CSF correction (further description below). The statistical analyses were focused on regional [ 11 C]b-CFT and [ 11 C]RAC SRTM2 BP ND values.
Examination of the SRTM2 R 1 , as a proxy of relative blood flow, did not reveal significant TBI/control differences for either radiotracer, across ROIs (two-sided t-test, Po0.05), although R 1 was slightly lower for controls ([ 11 C]b-CFT: 2 to 6% and [ 11 C]RAC: 1 to 3%). For both radiotracers, the lowest average R 1 (n ¼ 23) was observed in caudate (B0.8, ROI with greatest CSF dilution (see below)), relative to the putamen and ventral striatum (B0.9, rarely exceeding 1.0).
Cerebrospinal fluid correction values for TBI subjects were lower than for controls but reflective of minor atrophy in the putamen and ventral striatum (40.98) and greater atrophy in caudate (0.86±0.02). Among TBI subjects, CSF correction values by genotype were similar (data not shown). Therefore, BP ND data were corrected for atrophy-related CSF dilution, presumably resulting from the TBI, and data are reported with and without CSF correction (Tables 1C and 1D ). We postulated that atrophy effects associated with tissue loss might accentuate decreases in [ 11 C]b-CFT-BP ND post-injury. However, without CSF correction, injury induced and/or genetic effects regulating BP ND or extracellular DA levels might be missed. As expected, DAT reductions were larger when assessing BP ND without CSF correction, primarily in the caudate, compared with CSF-corrected data (Tables 1C and  D) . Mean injury-induced [ 11 C]b-CFT-BP ND reductions in caudate, using CSF adjusted data, were B90% of that observed with uncorrected BP ND data. [ 11 C]b-CFT-BP ND in other regions, and [ 11 C]RAC-BP ND , were similar with/without CSF correction. Upon CSF correction, data still showed injury and genotype influences on BP ND , and CSF-corrected results, using SRTM2, are presented for bivariate and multivariate analyses that incorporated genotype, age, and injury status.
Injury Effects on Striatal DAT and DRD2 Binding Potentials
Lower DAT [ 11 C]b-CFT-BP ND was observed in TBI subjects than controls. Significant injury group differences were observed in the caudate, putamen, and ventral striatum (Pp0.026) for SRTM2 BP ND with/without CSF correction, (Table 1C ). Figure 1 shows example [ 11 C]b-CFT time-activity curves with corresponding SRTM2 model fits for high and low putamen binding in TBI subjects and controls. The rank order of apparent [ 11 C]b-CFT clearance (k 2a ) for these four subjects was TBI Low k 2a ¼ 0.0149 per minute, TBI High k 2a ¼ 0.0112 per minute, Con Low k 2a ¼ 0.0107 minute, Con high k 2a ¼ 0.0081 minute consistent with greater apparent clearance for TBI subjects. Logan [ 11 C]b-CFT-BP ND results were consistent with these findings but of lower statistical significance, and loss of statistical significance in ventral striatum (Table 1C ). Traumatic brain injury subjects exhibited higher [ 11 C]RAC-BP ND (versus controls) in ventral striatum for DRD2, but only at marginal statistical significance for Logan BP ND and SRTM2 BP ND (Table 1C) . Figure 2B shows increased [ 11 C]RAC-BP ND with TBI versus controls, particularly with A1-carriers compared with A2/A2 homozygotes with TBI. Figure 2D shows reduced [ 11 C]b-CFT-BP ND in A2/A2 homozygotes versus A1-carriers among TBI subjects.
Influence of Genetic Variants on DAT and DRD2 Binding
Bivariate analyses (CSF-corrected BP ND ). Bivariate comparisons for
Cerebrospinal fluid-corrected BP ND in the caudate, putamen, and ventral striatum are shown in Figure 3 . When TBI subjects were grouped on the basis of DAT 9-allele status, 9-carriers had lower [ 11 C]b-CFT-BP ND in caudate (P ¼ 0.011) and putamen (P ¼ 0.009) ROIs compared with non-carriers. Also, A1-carriers with TBI had higher [ 11 C]b-CFT-BP ND in the putamen compared with A2/A2 homozygotes (P ¼ 0.034). Among controls, there were no regional [ 11 C]b-CFT-BP ND differences with the caudate and putamen based on DAT 9-allele status. However, A1-carriers had higher BP ND in the ventral striatum compared with A2/A2 homozygotes (P ¼ 0.014; Table 2A ). Also, an injury-specific genetic relationship was observed for DAT binding, where 9-carriers with TBI had lower caudate and putamen (Po0.001), and striatum (P ¼ 0.046) BP ND than 9-carrier controls. There were no regional injury group differences in [ 11 C]b-CFT-BP ND among DAT1 10/10 carriers. However, TBI A2/A2 subjects had lower [ 11 C]b-CFT-BP ND in caudate and putamen (Po0.001) versus A2/A2 controls. For Figure 2 . Images depict regional binding for [ 11 C]b-CFT and [ 11 C]raclopride based on SRTM2 analysis using cerebellum as reference region for a single slice through the ventral striatum (A/B) and putamen (C/D) in the axial plane overlaid onto high resolution anatomic MRI. (A) Shows a representative image of the ventral striatum and DAT binding in persons with DAT1 genotype 9/9 and DAT1 genotype 10/10 while keeping the DRD2 constant for the A2/A1 genotype in TBI (left two panels) and controls (right two panels). Panel B shows a representative image through the ventral striatum of DRD2 binding in persons with DRD2 genotype A2/A1 and DRD2 genotype A2/A2 while keeping DAT constant for the 10/10 genotype in TBI (left two panels) and controls (right two panels). Panel C shows a representative image of the putamen and DAT binding in persons with DAT1 genotype 9/9 and DAT1 genotype 10/10 while keeping the DRD2 constant for the A2/A1 genotype in TBI (left two panels) and controls (right two panels). Panel D shows a representative image of the putamen and DAT binding in persons with DRD2 genotype A1/A2 and A2/A2 while keeping the DAT1 genotype constant for the 10/10 genotype in TBI (left two panels) and controls (right two panels). Note: TBI 9/10 A2/A2 scale was 1.5 to 6. CON, control; DAT, dopamine transporter; MRI, magnetic resonance imaging; TBI, traumatic brain injury.
A1-carriers, TBI subjects had lower [ 11 C]b-CFT-BP ND in putamen (P ¼ 0.006) and striatum (P ¼ 0.018) than controls. Together, bivariate analysis shows that [ 11 C]b-CFT-BP ND reductions among TBI subjects were associated with both DAT1 and DRD2 genotype. When evaluating the DRD2 A1 variant allele, there was no difference in [ 11 C]RAC-BP ND (Table 2B ) with TBI or control groups. Also, there was no injury effect for DRD2 genotype. When comparing TBI subjects, DAT1 10/10 homozygotes had marginally significant increases in [ 11 C]RAC-BP ND in the ventral striatum compared with 9-carriers (P ¼ 0.052) (Table 2B ). DAT1 10/10 subjects with TBI had higher [ 11 C]RAC-BP ND than controls (P ¼ 0.036), however, [ 11 C]RAC-BP ND were similar for injured and control DAT1 9-carriers.
Multivariate analysis. Multivariate analyses were conducted to examine (1) age and genotype influences on [ 11 C]b-CFT and [ 11 C]RAC-BP ND for the caudate, putamen, and striatum among TBI subjects (Table 3 ) and (2) age (and genotype) specific injury influences on [ 11 C]b-CFT and [ 11 C]RAC-BP ND for these regions (Tables 4A and B) .
Among TBI subjects, age effects on [ 11 C]RAC-BP ND were significant for striatum (P ¼ 0.023), and the association with [ 11 C]b-CFT-BP ND approached significance in caudate (P ¼ 0.062). When controlling both age and genotype, age effects on [ 11 C]b-CFT-BP ND were not significant in any region, whereas DAT1 genotype remained significant in the caudate (P ¼ 0.032) and putamen (P ¼ 0.009), showing that the primary relationship with [ 11 C]b-CFT-BP ND is DAT1 genotype. When controlling for age, there were no regional differences in [ 11 C]RAC-BP ND among TBI subjects based on either DRD2 genotype ( Table 3) . Multivariate analysis assessing injury status and age effects (Table 4A ) on BP ND , showed that age was associated with [ 11 C]b-CFT-BP ND in caudate (P ¼ 0.012) and was marginally associated with [ 11 C]b-CFT-BP ND in the putamen (P ¼ 0.054) and with [ 11 C]RAC-BP ND in the putamen (Po0.018). Age-adjusted [ 11 C]b-CFT-BP ND reductions with TBI status were significant in the caudate, putamen, and striatum (Po0.03, all comparisons). Age-adjusted [ 11 C]RAC-BP ND was marginally higher in ventral striatum (P ¼ 0.055). Age-adjusted effects of injury status within specific genotype groups was also assessed (Table 4B ). Among 9-carriers, reduced [ 11 C]b-CFT-BP ND occurred in the caudate and putamen (Pp0.002). Also, A2/A2 homozygotes with TBI had lower BP ND compared with A2/A2 controls in the caudate and putamen (Pp0.001). However, DAT1 genotype did not impact [ 11 C]RAC-BP ND .
DISCUSSION
Clinical research exploring DA deficits and dysfunction in TBI is limited, but our findings provide additional support for DA system dysfunction after severe TBI. Similar to previous reports using SPECT, 4 our results showed lower DAT binding after severe TBI. Although the cohort size is small for genotype stratification, genetic variation in (1) the SLC6A3 gene promoter region variable number of tandem repeat and (2) the Taq1A restriction fragment length polymorphism of the DRD2 gene was associated with regional DAT binding and was injury specific. Decreased [ 11 C]b-CFT-BP ND occurred in DAT 9-carriers and A2/A2 homozygotes with TBI in the caudate and putamen. There was higher overall D2R binding in the ventral striatum in the TBI group versus controls, yet this effect was not specific to DRD2/DAT1 genotype. Increased D2R-BP ND with [ 11 C]RAC post injury may reflect a hypodopaminergic environment, with less competitive binding from endogenous DA and/or D2 membrane receptor upregulation/ hypersensitization resulting from decreased DA availability. Similarly, injury-specific decreases with membrane-bound DAT may be a compensatory response to reduce DA reuptake, enhance DA availability, and promote DA transmission in a low DA environment. Perhaps A2/A2 homozygotes with TBI may better regulate DAT trafficking, via autoreceptor modulation, resulting in decreased DAT expression associated with reduced [ 11 C]b-CFT-BP ND . To our knowledge, this is the first PET study directly assessing DA receptor/protein function after TBI and linking genetic variation to DA transmission after TBI.
Previous work demonstrates lower DAT/D2R binding in subjects having very severe TBI, and associated disorders of consciousness, compared with controls using single-photon emission tomography. 4 Although decreased DAT binding occurs in our study, the magnitude of reductions noted in their population (B45% of controls) was larger than our study (B68% to 80% of control CSF-corrected comparison). Binding reductions in our study were slightly larger when data were not corrected for expansion of the CSF compartment, particularly in the caudate; injury-induced DATbinding reductions after CSF correction were B92.6% of the magnitude of DAT reductions observed without correction. Although D2R binding was decreased post injury in the Donnemiller 4 study, [ 11 C]RAC-BP ND in ventral striatum was marginally increased in our study, despite minimal CSF dilution differences in this region. We speculate that there is less competitive binding from endogenous DA and/or D2 membrane receptor upregulation/hypersensitization resulting from decreased DA availability in our study. However, increased injury severity (vegetative or akinetic state) for subjects in the Donnemiller 4 study may also contribute to the study-specific trends with [ 11 C]RAC binding. Also, subjects with very severe TBI in this previous report may have had more nigral-striatal fiber loss, leading to decreased DAT and D2R binding compared with our study. However, frank dopaminergic fiber loss is not robust in the experimental literature, where nigral tyrosine hydroxylase staining is modestly increased after moderate-severe CCI, 2 and striatal vesicular monoamine transporter and tyrosine hydroxylase expression remain largely unchanged. 5, 6 Alternatively, this literature supports the concept of striatal DA transmission dysfunction after TBI leading to a functional hypodopaminergic state. 2 Cerebrospinal fluid-corrected comparisons in our population more likely generated BP ND values reflecting regulatory changes in DAT/D2R binding in the context of a functional hypodopaminergic state as opposed to reflecting primarily DA fiber loss.
The SRTM2 BP ND was used as the primary outcome, after evaluation of several methods. The [ 11 C]b-CFT kinetics observed with TBI (greater clearance) and control (greater accumulation) subjects, although [ 11 C]RAC analyses were straightforward with arterial input function determination and reversible kinetics for both groups. Complexities with [ 11 C]b-CFT analyses were consistent with early observations. 21, 30, 31 Relationships between arterial and reference tissue results increased our confidence in the noninvasive reference methods that allowed us to include all available subjects, although these methods are vulnerable to wellknown biases 23 when linear regression and steady-state assumptions are not well satisfied. The SRTM2 method performed stably yielding BP ND measures generally consistent with arterial-based and reference Logan methods, although BP ND magnitudes differed between the modeling and regression methods. Notably, no groups differed in the later summed cerebellar reference tissue kinetics (e.g., %ID*kg/g) for either tracer. Descriptive analyses comparing SRTM2, LoganART, and LoganREF yielded lower correlations for [ 11 C]b-CFT in controls than for TBI, consistent with injury-specific DAT-binding affinity differences leading to greater apparent [ 11 C]b-CFT clearance for TBI subjects that could be reflective of a higher dissociation constant. Injury-induced changes in DAT expression/function are supported in experimental TBI, where DA clearance patterns reflect changes in membrane-bound DAT expression/trafficking behavior as well as function (e.g., binding affinity). 6 Decreased striatal expression of the fully glycolsyated form of DAT, required for membrane expression, has been repeatedly observed after CCI injury using western blot. 5, 6 However, in striatal synaptosomal preparations, membrane-bound DAT expression is increased chronically after CCI compared with controls, indicating that overall reductions in fully glycosylated DAT may be primarily because of decreased extra-synaptic DAT expression. 6 Decreased DAT binding in this clinical population supports overall decreases in membrane-bound DAT noted in CCI. DAT binding is subject to rapid regulatory changes affecting membrane expression. 32 Although some DA fiber loss may occur, reduced DAT expression post TBI possibly may compensate for a hypodopaminergic environment after TBI. 2 Presynaptic D2 auto-receptors regulating DAT expression and trafficking can be susceptible to injury. 33 Thus, D2 autoreceptor function post injury may facilitate reduced DAT binding in the caudate and putamen, where DAT reductions are most notable.
Striatal DA neurotransmission after CCI suggests impaired D2R autoreceptor regulation of DA release that normalizes with daily MPD treatment, providing indirect evidence that striatal basal DA levels are decreased with TBI. 6 Evidence for a hypodopaminergic environment in unilateral Parkinson's disease lesion models show that reduced dopaminergic inputs result in a hypodopaminergic environment and increased post-synaptic striatal D2R expression/ sensitization that mediates rotational behavior when paired with potent D2 agonists like amphetamine. 34 After unilateral CCI, some rats display rotational behavior 2 weeks after amphetamine challenge, 5 supporting the concept of a hypodopaminergic environment, and possibly increased post-synaptic D2R expression, after CCI. In contrast, persistently lower D2R binding occurs in long-term cocaine abusers 35 where reward-like behaviors stimulate DA transmission and result in decreased D2R expression. In our study, evidence of a hypodopaminergic state in ventral striatum is supported by increased [ 11 C]RAC-BP ND . Variable radiotracer competition with endogenous DA levels is expected because of relatively low affinity of [ 11 C]RAC for D2R. Interestingly, increased D2R binding post TBI did not occur in the caudate or putamen, where DAT-binding reductions are more prominent. Conversely, ventral striatum had minimal injury-induced DAT reductions with increased D2R binding, providing indirect evidence that regional DAT reductions may facilitate normalized DA neurotransmission after TBI.
Variation in the DAT SLC6A3 gene promoter region variable number of tandem repeats is associated with attention deficit hyperactivity disorder. Studies show that 10/10 homozygotes have increased attention deficit hyperactivity disorder risk. 9 Also, DAT 10/10 homozygosity has been linked with higher DAT binding, 28 yet others suggest 9-carriers have higher binding. 29 Our study showed no significant binding differences based on DAT1 genotype among controls, further adding to the range of literature on genetic variability and DAT binding in uninjured populations. However, with differences of 9 to 22% for genotype related changes in binding, the sample size of our control cohort may be underpowered to discriminate genotype effects.
A1-carriage for the DRD2 Taq1 restriction fragment length polymorphism is associated with a low density of striatal D2 receptors. 36 Decreased striatal metabolism is also noted in A1-carriers compared with A2/A2 homozygotes. 37 Although marginally significant injury-associated increases in [ 11 C]RAC-BP ND were observed, A1-carriers did not have different [ 11 C]RAC-BP ND than A2/A2 homozygotes in the ventral striatum post TBI. However, A2/A2 homozygotes with TBI had lower DAT binding, suggesting that genetic variability for DRD2 might differentially involve D2 autoreceptor interactions with DAT versus postsynaptic D2R upregulation associated with a functionally low DA state. Although this association is subject to future validation studies, the literature does not define if/how the Taq1 variant is differentially linked to pre/post-synaptic D2 receptor expression. Recent work identifies single-nucleotide polymorphisms associated specifically with presynaptic D2R expression 38, 39 and mRNA stability, 40 some of which are linked to decreased striatal D2R/DAT binding using SPECT, 39 findings which warrant further investigation of genetically mediated D2 autoreceptor-DAT regulation in the context of TBI.
Our TBI population included only men, so sex-linked differences in DAT/DRD2 binding post TBI were not a factor. Aging-related decrements in striatal DAT binding have been reported. 41 Although our subjects had a fairly narrow age range, there were age-related differences in specific genotype groups within our TBI population. Age-adjusted multivariate analysis showed that reduced DAT binding in 9-carriers with TBI versus 10/10 homozygotes were primarily due to genotype and not increased age. Similarly, decreased DAT binding among A2/A2 TBI subjects, compared with controls, were injury specific and not age related.
Although not the focus of this analysis, changes in DAT/D2R binding may have implications for cognitive performance and neurostimulant response after TBI. Positron emission tomography studies using 18 F-dopa in Parkinson's disease show correlations between DAergic depletion in the caudate and neuropsychological performance. Bruck 42 demonstrated bilateral caudate underactivity in an executively impaired subgroup of Parkinson's disease patients, suggesting a role for this region in cognition. Given our hypotheses that genotype-specific DAT regulation may be a compensatory response to improve neurotransmission, injuryspecific, baseline cognitive performance associations with DAT binding also could be genotype-specific and a point of future study. Genetic associations with DAT binding were TBI-specific in our study, with the primary decreases in DAT binding attributable to reductions in 9-allele carriers. One study suggests DAT1 genotype specific differences in striatal CBF (cerebral blood flow) with MPD challenge. 43 Thus, genetic effects on rCBF should be considered with future pharmacogenetic imaging studies. Examination of the SRTM2 R1 (despite small samples) showed lower [ 11 C]b-CFT values for the 9-allele carriers group that ranged from 14% for caudate to 5% for putamen, whereas differences in DAT BP were much larger (40% and 25%, respectively). For [ 11 C]RAC, 9-allele carriers showed lower R 1 values of 14% for both caudate and ventral striatum and 9% for the putamen, with only marginal striatal BP differences of 11%. No R 1 differences were suggested when comparing A1 versus A2/A2 genotypes. Further, potential contributors to variation in rCBF, including age, atrophy, injury, and genotype effects, were considered and accounted for in our study design.
[ 11 C]b-CFT and [ 11 C]RAC sensitivity is low for extrastriatal ROIs. Thus, we focused only on striatal ROIs for this analysis, although frontal cortex binding reductions with Parkinson's disease have been reported. 30, 31 Reduced DAT expression in frontal cortex occurs after CCI, which may be relevant to cognitive deficits 2,5 in future studies. Also, reports show TBI-induced epigenetic changes in the brain, including significant global hypo-methylation. 44 Changes in DNA methylation for dopaminergic genes 45 are common in schizophrenia and other psychiatric disorders. Thus, injuryinduced changes in epigenetic modification, along with post-injury environmental exposure effects, may influence how genetic variation in SLC6A3 contributes to TBI-specific differences in striatal DAT binding and could be considered with future studies.
CONCLUSIONS
There are injury-induced DAT-binding reductions in the caudate and putamen regions chronically in our sample of subjects with severe TBI, reflective of different [ 11 C]b-CFT-binding kinetics in those with TBI compared with controls. In addition, marginal increases in the ventral striatal D2R binding were observed in this region where injury-induced DAT reductions are smaller, suggesting the possibility of a hypodopaminergic environment. Our withingroup genotype analysis provides initial evidence of injury-induced, genotype-specific reductions in DAT binding, particularly in the caudate and putamen chronically after TBI. We also hypothesize that genotype-specific associations with DAT binding may be compensatory in response to a low DA environment. We speculate that genotype-specific regulatory changes in DAT expression after TBI, as opposed to dopaminergic fiber loss, drive DAT changes; these findings may be linked with DAT/DRD2-specific genotype effects on DAT-D2 autoreceptor interactions. Injury-induced changes in DAT-binding affinity and expression may be responsible for overall injury-induced changes in DAT binding. However, further replication studies, as well as new studies, are warranted to focus on if/how genotype specific changes in DA receptor binding impact single use and daily treatment neurostimulant response after TBI. To address these pharmacogenetic studies, combining PET with MRI modalities, like resting state connectivity or fMRI cognitive testing paradigms, could be particularly useful. Finally, it may be useful to incorporate diffusion tensor imaging techniques with PET to establish if/how corticostriatal integrity impacts regional DAT and D2R binding and stimulant response.
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